Recent experimental evidence has shown that steel joints exhibit a distinct change in their moment-rotation response under increasing temperature. In terms of cold design, the component method is currently the widely accepted procedure for the evaluation of the various design values. It is the purpose of the present paper to extend the component method to the prediction of the response of steel joints under fire loading. Using typical mechanical models consisting of extensional springs and rigid links, whereby the springs exhibit a non-linear force deformation response (here taken as a bi-linear approximation), an analytical procedure is proposed capable of predicting the moment-rotation response under fire conditions that incorporates the variation of yield stress and Young's modulus of the various components as the temperature increases. An application to a cruciform flush end-plate beam-to-column steel joint is presented and compared to the experimental results obtained under various loading conditions. 
Introduction
Recent research on the behaviour of steel structures under fire loading highlighted the influence of joint behaviour on the overall response of the structure [1] . The lack of experimental results on the response of steel joints under fire conditions and the partial safety factor for resistance of class 1, 2 or 3 cross-section (=1.1) g M1 partial safety factor for resistance of member to buckling or resistance of class 4 cross-section ( =1.1) g Mb partial safety factor for resistance of bolted connections (=1.25) g Mw partial safety factor for resistance of welded connections (=1.25) e strain e p,θ strain at the proportional limit e t,θ limiting strain for yield strength e u,θ ultimate strain e y,,θ yield strain q temperature n Poisson's ratio r reduction factor for plate buckling ϕ f rotation that corresponds to failure ϕ y rotation that corresponds to yield w reduction factor to allow for the possible effects of shear in the column web panel ⌬ y deformation that corresponds to yield ⌬ f deformation that corresponds to failure ⌬ i deformation for basic joint components use of numerical models relying on empirical relations established from tests either at room temperature, or for a limited range of (low) temperatures, has led to a simplistic specification from the current codes of practice. In fact, according to Eurocode 3, Part 1.2 [2] and draft 2 of Part 1.8 [3] , the concentration of mass within the joint area, when compared to the connecting members, delays its temperature increase, therefore suggesting that joints could be disregarded under fire conditions. However, in contrast to the EC3 specification, recent experimental results [4, 5] have highlighted the need to evaluate the behaviour of steel joints at elevated temperatures, since they exhibit a pronounced reduction of strength and stiffness that clearly affects the global response of the structure. It is never enough to repeat that the behaviour of joints is complex, falling between the traditional assumption of pinned and fully rigid response. A considerable effort was undertaken over the past two decades to give consistent predictions of the behaviour of steel joints. However, until now, most research studies on the behaviour of semi-rigid joints were focused on determining resistance and stiffness characteristics [6] , leading to the code specifications for the evaluation of strength and stiffness of steel and composite joints that were prepared for Eurocodes 3 and 4 [2, 3, 7] . Naturally, any attempt at predicting the behaviour of a steel connection under fire loading, already complex at room temperature [8] , is further complicated by several phenomena:
1. variation of material properties of steel with temperature; 2. accurate prediction of time-temperature variation within the various joint components; 3. differential elongation of the various joint components because of increasing temperature; 4. proper definition of fire development models within the building envelope and subsequent time-temperature profiles reaching the joint.
Clearly, item (4) involves the architectural layout of the building and the particular fire event and lies outside the scope of this paper, a thorough treatment being found elsewhere [9] . Items (1)-(3) are strictly required to predict the moment-rotation response of steel joints and are discussed in the following sections, in the context of an approach based on the so-called "component method" [10] , proposed in this paper to predict the behaviour of steel joints under fire loading, described below.
Component model

Component method
To overcome the need to implement complex non-linear finite element analysis in the prediction of the moment-rotation response of steel joints, a simpler approach was developed in the form of the so-called "component method" [8, 11, 12] . Briefly described, the method consists of modelling a joint as an assembly of extensional springs and rigid links, whereby the springs (components) represent a specific part of a joint that, dependent on the type of loading, make an identified contribution to one or more of its structural properties [10] . The application of the method to a typical cruciform bolted end-plate beam-to-column joint is illustrated in Fig. 1 , the various components contributing to the overall response of a generic end-plate beamto-column steel joint being: (1) column web in shear, (2) column web in compression, (3) column web in tension, (4) column flange in bending, (5) end-plate in bending, (7) beam or column flange and web in compression, (8) beam web in tension, (9) plate in tension or compression, (10) bolts in tension, (11) bolts in shear and (19) welds.
Component characterisation
A key aspect to the component method relates to the characterisation of the forcedeformation curves for each individual extensional spring. Following [13] , the vari- ous components relevant for steel joints are classified in three main groups: (a) components with high ductility, (b) components with limited ductility; and (c) components with brittle failure. Common to all is the identification of four properties, namely elastic stiffness (K e ), post-limit stiffness (K pl ), limit load (F y ), yield displacement (⌬ y ) and limit displacement (⌬ f ), as seen in Fig. 2 . Components with high ductility present a force-deformation curve that changes from an initial linear elastic mode into a second carrying mode, which allows increasing deformation with increasing force [6] . The deformation capacity of the component is nearly unlimited, not imposing any bounds on the overall rotation ability of the joint, and is typically illustrated in Fig. 3(a) or, as a bi-linear approximation, in Fig. 3(b) . Components falling into this classification include: (i) column web panel in shear, (ii, iii) beam and web in tension, (iv) end-plate in bending, and (v) column flange in bending, the latter two being usually evaluated using a simple substitute model, the T-stub [11] .
Components with limited ductility are characterised by a force-deformation curve exhibiting a limit point and a subsequent softening response, as shown in Fig. 4 The design properties (resistance and initial stiffness) of the various components can be found in Part 1.8 of EC3 [3] and are summarised in Table 1 , little or no guidance currently being available for the remaining properties [8] .
Joint response under flexural loading
The assessment of the moment-rotation response of steel joints requires a nonlinear procedure, which incorporates the non-linear features of each component. This can be achieved by statical analysis of the mechanical system of Fig. 1 , either using a numerical analysis with a non-linear finite element program or the recently developed closed-form analytical procedures [8, 14] . Here, it will be assumed that the momentrotation response of a steel joint at room temperature is already available, clearly identifying the various changes of stiffness corresponding to an assumed bi-linear approximation for the force-displacement response of each spring (component), as typically shown in Fig. 2 .
Behaviour at elevated temperatures
Thermo-mechanical properties of steel at elevated temperatures
Steel is characterised by a reduction of yield stress, ultimate stress and Young's modulus with increasing temperature. Coupled with the thermal elongation of steel, this results in steel joints quickly reaching yield under fire conditions, even at con- Table 1 Design values for the response of components (Part 1.8 -EC3 (2000)) Component behaviour
Strength Initial Stiffness
Components with high ductility
Column web panel in shear
End-plate in bending Equivalent T-stub model [Part 1.8 -EC3, 6.2.6.5]
Column flange in bending Equivalent T-stub model [Part 1.8 -EC3, 6.2.6.4]
Beam web in tension Beam-flange/web in compression
Components with brittle failure
Bolts in tension
Bolts in shear
Varying according to bolt grade stant mechanical loading. A brief review of thermo-mechanical properties of steel is presented below.
Figs. 6-8 illustrate the variation of specific heat, thermal conductivity and thermal elongation with temperature, analytical expressions for these properties being found in [2] .
Similarly, Table 2 reproduces the reduction factors for stiffness and strength of steel with increasing temperature, a reduction of stiffness starting at a temperature of around 200°C, while strength (yield stress) starts to reduce at about 500°C. The corresponding stress-strain diagram for steel at elevated temperatures, shown in Fig.  9 , exhibits four distinct zones, namely: (i) a linear zone, (ii) an elliptic transition curve, (iii) a constant stress zone, and (iv) a linear softening branch. 
Coupled thermo-mechanical load characterisation
Being two independent processes, mechanical and thermal loading may present arbitrary time histories. For generality, and taking the fire event as the reference, characterised by an arbitrary fire-loading curve, the following situations may arise:
1. mechanical loading takes place before the fire event starts, shown in Fig. 10(a) ; 2. mechanical loading and fire event take place simultaneously (totally or partially); situation illustrated in Fig. 10(b) ; 3. mechanical loading takes place after fire event has reached its maximum temperature, at sustained temperature conditions, shown in Fig. 10(c) .
Naturally, situations (1) and (3) are much simpler and correspond, respectively, to an incremental temperature analysis at constant load level (anisothermal analysis) or an incremental mechanical analysis at constant temperature (isothermal analysis).
Here, although case (2) corresponds to the more realistic situation of simultaneous mechanical and thermal loading (transient analysis), corresponding, for example, to the load redistribution that inevitably takes place during a fire event, the two simpler situations will be explored in greater detail. [19] Numerical modelling of HEB400 profiles. Program the furnace to follow a ISO834 fire curve:
Time-temperature variation within the joint
As described above, the thermal conductivity of steel is high. Nevertheless, because of the mass concentration within the joint area, a differential temperature distribution should be considered within the joint. Various temperature distributions have been proposed or used in experimental tests by several authors, summarised in Table 3 , a detailed description being found in the literature [4, 5, [15] [16] [17] [18] [19] [20] . Table 3 shows a considerable scatter of results, although, as expected, the bottom part of the joint presents higher temperatures. In the following, two alternative possibilities are considered:
1. Uniform temperature variation within the joint. 2. Differential temperature variation within the joint, obtained from experimental tests [20] , summarised in Table 4 .
Analytical prediction of fire response of steel joints
Introduction
As explained above, the evaluation of the fire response of steel joints requires the continuous change of mechanical properties of steel as temperature increases. In the context of the component method, this is implemented at the component level. Noting that the elastic stiffness, K e , is directly proportional to Young's modulus of steel and the resistance of each component depends on the yield stress of steel, Eqs. (1)-(3) illustrate the change in component force-deformation response with increasing temperature, for a given temperature variation q, for component i. in any evaluation of moment-rotation response of steel joints at room temperature yields the required fire response. Implementation of this procedure in a practical way requires an incremental procedure with sufficiently small temperature increments so that the mechanical properties of steel can be kept constant within each temperature interval, the detailed procedure being explained in the following paragraphs.
Isothermal response
Assuming that the moment-rotation response of a steel joint at room temperature is known, either using a non-linear numerical procedure or the closed-form analytical procedures developed by Silva and Coelho [8] , the isothermal response of a steel joint loaded in bending can be obtained as follows, for a constant temperature level, q.
With reference to Fig. 11 , for a given level of applied force FЈϽF y i;q , the component deformation ⌬Ј i;q , is given by:
so that the yield deformation becomes From equilibrium considerations, and within the scope of the ductility model presented in [8] , the bending moment for a given level of joint deformation is given by:
F 1;q = F 2;q and F r;q and z being defined in Fig. 12 . From Eq. (7), it follows directly that, at yielding of an arbitrary component,
Similar expressions can be derived for stiffness and rotation of the joint, as will be demonstrated below using a recursive technique. According to [3] , the initial stiffness of a joint loaded in bending is given by:
so that, at temperature q,
The rotation at yield of the first component follows from Assuming that the following equations hold for segment s, as shown in Fig. 13 (15) it follows, for segment s+1, 
n being the total number of components. Eqs. (7)- (18) give the generic momentrotation curve at constant temperature q, where the yielding sequence of the various components is identified, as shown schematically in Fig. 13 .
Anisothermal response
Under anisothermal conditions, i.e., when subject to increasing temperature under constant load level, the progressive degradation of material properties eventually leads to the degradation of the resistance, excessive deformation and finally collapse of the joint, as illustrated in Fig. 14 . At collapse, the joint reaches temperature q f , called the critical temperature of the joint [2] . For a joint under uniform temperature distribution, the critical temperature is defined as the maximum temperature of the joint corresponding to failure of the joint, where M j,Sd is the applied bending moment and M j,max;q f , denotes the maximum moment at temperature q f . According to [2] , the evaluation of the critical temperature requires the calculation of the degree of utilisation of the joint at time t=0, m 0 , defined as the ratio between the design effect of the actions for the fire design situation and the design resistance of the steel member, for the fire design situation, at time t. For the present case of steel joints, and considering the nomenclature used in this paper, the degree of utilisation is explicitly given by:
For elements with uniform temperature distribution, the degradation of the resistance with time is proportional to the decrease in yield stress of steel; see Eq. (1). Eq. (19) can thus be re-written in the following way:
leading to:
Given that, under anisothermal conditions, the degree of utilisation is known a priori, Eq. (22) allows the direct calculation of the critical temperature of the joint using Table 2 . The corresponding joint rotation follows directly using Eq. (18) . To identify the temperature and rotation corresponding to the yield points of the various components, a degree of partial utilisation is herein proposed, leading to the following equation using a similar procedure:
where M i;20°C , is the bending moment at yield of component i, at ambient temperature.
Application to cruciform bolted end-plate beam-to-column steel joint
In order to illustrate the evaluation of the moment-rotation response of steel joints under fire loading, a cruciform bolted end-plate beam-to-column steel joint configuration experimentally tested by Al-Jabri et al. [20] was selected. This major axis joint configuration consists of two 254×102UB22 beams connected to a 152×152UC23 column by 8 mm thick flush end plates. The joint details are shown in Fig. 15 and Table 5 . The elevated temperature tests were performed under anisothermal conditions, the levels of applied bending moment being based on a calculated moment capacity of the joint at ambient temperature: 20 kNm [20] . Four situations were studied (Table 5) In order to compare these experimental results with the present analytical procedures, and in the context of the component method, the spring and rigid link model of Fig. 1 was adopted. Unfortunately, according to [20] , due to the limited number of specimens available, no ambient temperature test was carried out (room temperature results being only available for test FB14, up to the chosen applied level of bending moment, 17 kNm). Because this joint configuration was based on a previous test program carried out by Leston-Jones et al. [5] , that only differed by the use of a larger end-plate thickness (12 mm versus the 8 mm of the current tests), the required calibration of the post-limit stiffness of the various components at ambient temperature was carried out for this test (Lee test), as illustrated in Fig. 16 . Table 6 reproduces the required properties at ambient temperature for the various components. Table 7 summarises the resistance and initial stiffness values calculated for this case using the EC3 specifications, and the initial stiffness obtained with a non-linear numerical calculation. Table 8 reproduces the yield sequence of the various components, showing yielding of the column flange in bending at the level of the first boltrow (4.1), end-plate in bending at the level of the first bolt-row (5.1), column flange in bending at the level of the second bolt-row (4.2), column web in compression (2) and, finally, failure of the joint.
Comparing the elevated temperature tests (under isothermal conditions) with the analytical results assuming a uniform temperature distribution across the joint yields the results of Fig. 17 . For all cases, the same sequence of yielding of the various components is observed, column flange in bending at the level of the first bolt-row (4.1), end-plate in bending at the level of the first bolt-row (5.1), column flange in bending at the level of the second bolt-row (4.2) and column web in compression Fig. 16 . Calibration of joint moment-rotation response at ambient temperature. Table 7 Resistance and initial stiffness at ambient temperature
Numerical model EC3
S j,ini =4825.16 kNm/rad M j,Rd =23.30 kNm S j,ini =4730.00 kNm/rad (2) , in good agreement with the experimental results. As the temperature increases, the moment resistance of the joint progressively decreases, the strength of the joint becoming negligible for temperatures above 900°C. Figs. 18 and 19 show the variation of initial stiffness and maximum moment with temperature increase. For all cases, the analytical results systematically exhibit higher strength and stiffness, reflecting the unconservative assumption of uniform temperature distribution. In fact, examination of Table 4 reveals temperature differences of about 15% across the joint, the minimum temperature being observed at the bottom flange level, taken as the reference in the previous simulation under the assumption of uniform tempera- ture distribution. Although one possibility to improve this situation would be to implement a differential temperature distribution component by component, a simpler alternative was chosen here: application of a global temperature correction coefficient, calibrated with the observed temperature distribution and the experimental results. Fig. 20 illustrates the corresponding results, obtained for a temperature correction coefficient of 7.5%. Good agreement is observed between the experimental and analytical results.
The same joints analysed under anisothermal loading exhibit the results illustrated in Fig. 21 and Table 9 , obtained for the same correction coefficient of 7.5%, again showing good agreement with the experimental results. 
Concluding remarks
The fire response of steel joints involves additional complexity to the corresponding cold analysis. An analytical procedure for the evaluation of the behaviour of steel joints under fire loading was proposed in this paper. This analytical methodology greatly simplifies this problem, allowing a direct solution from the knowledge of the response at ambient temperature. Coupled with recently developed closedform analytical procedures [8, 14] , for the evaluation of the non-linear momentrotation response of steel joints in the context of the component method, this should provide a useful solution to an otherwise untractable problem.
Comparison with experimental results available in the literature has shown good agreement with the proposed method. Naturally, some aspects still remain to be Table 9 Critical temperature and rotation for different load levels improved: as noted before, the thermal elongation of the various joint components was not considered in this paper, not because of any fundamental difficulty in incorporating it in the analysis (an additional term would suffice in the force-deformation relation for each component), but because of lack of calibration in the actual thermal deformation of each component, an issue that requires extensive numerical and experimental research. Finally, it is noted that the issue of transient loading offers no fundamental complexity, solution being possible from a set of isothermal results, although direct analytical expressions are also available [21] .
